INTRODUCTION
============

The production of the first single-photon states ([@R1], [@R2]) and the first demonstration of trapping of a single ion ([@R3]) in the early 80s marked the beginning of a long-standing effort to control and manipulate individual quantum systems. Potential applications require developing new platforms to engineer interaction between them at the nanoscale. Recent advances in the generation of optical nonlinearities at the level of individual photons ([@R4]) and in the interfacing of atoms with guided photons ([@R5]) clearly demonstrate the benefits of subwavelength confinement of the electromagnetic field. Because plasmonics provides new platforms to concentrate light to scales below that of conventional optics, plasmonic devices are excellent candidates for on-chip operations at the quantum level ([@R6]). Plasmons, as well as surface plasmons, are collective excitations of fermions, which are not, strictly speaking, bosons, although their commutation relations can be approximated by bosonic commutation relations with an error that decays as the inverse of the number of electrons ([@R7]). The quantized electric field operator for surface plasmon polaritons (SPPs) has been derived by numerous authors ([@R8]--[@R10]). As a result, SPPs are expected to behave like photons to a high degree of accuracy. The bosonic quantum nature of the plasmons has been demonstrated by several observations that reveal specific quantum features, such as coupling between a quantum emitter and a surface plasmon ([@R11], [@R12]), preservation of quantum correlations such as entanglement and squeezing through surface plasmon channels ([@R13]--[@R17]), control of spontaneous emission of an emitter by plasmonic structures (emission direction and lifetime) ([@R18], [@R19]), and quantum interferences ([@R20]--[@R24]). In Kolesov *et al*. ([@R12]), wave-particle duality of plasmons has been inferred from the observation of antibunching and spectral properties of the light coming out of a nanorod through a plasmonic channel and emitted by a single emitter coupled to it. Here, we investigate the dual wave-particle nature of the SPP along the same lines as the single-photon interferences textbook experiment by Grangier *et al.* ([@R1]) and Loudon ([@R25]). We propose the first direct measurement of the wave-particle duality for single SPP, using a true plasmonic beam splitter (BS) for SPP freely propagating on a flat gold-air interface. We generate a single SPP state by sending a photon from a single-photon source onto a photon-to-SPP coupler. A plasmonic BS is used to separate the flux of SPPs into two spatial modes, allowing the analysis of the SPP features using either a Hanbury Brown and Twiss (HBT) setup or a Mach-Zehnder (MZ) interferometer. The detection of anticorrelated events after the plasmonic BS unambiguously provides the which-path information, hence revealing the particle nature of the single SPP in the HBT configuration ([@R26]), whereas the wave behavior of the SPP is demonstrated in the MZ configuration with single SPPs. In addition, we observe that the presence of losses in the BS modifies the lossless MZ output signals, following the predictions made by Barnett *et al*. ([@R27]).

RESULTS
=======

Single surface plasmon experiment
---------------------------------

Because the photon-number statistics are preserved through the coupling of a photonic mode to a plasmonic mode ([@R8]), we used a single-photon source and an SPP-photon coupler to produce single SPPs. The single-photon source is a heralded single-photon source delivering two outputs, a single photon at 806 nm with a spectral bandwidth of Δλ = 1 nm and its heralding electronic pulse. More details about the source can be found in section S1. The manipulation of the SPPs is performed on the plasmonic chip shown in [Fig. 1B](#F1){ref-type="fig"}. This chip has been designed with in-house electromagnetic software based on the aperiodic Fourier modal method ([@R28]). It consists of two unidirectional plasmon launchers, a plasmon splitter, and two large strip slits that decouple the SPPs toward the rear side of the sample. All components are fabricated in a single chip by focused ion beam lithography on a 300-nm-thick gold film sputtered on top of a SiO~2~ substrate. Single photons that are impinging from the front side of the chip are first converted into single SPPs via asymmetric 11-groove gratings (shown in [Fig. 1A](#F1){ref-type="fig"}). The latter have been designed to efficiently couple a normally incident Gaussian beam into directional SPPs. Details concerning the SPP launchers can be found in a preliminary report ([@R29]). The launched SPPs from couplers 1 and 2 are then combined with a plasmonic symmetric splitter made of two identical grooves oriented at 45°. The width, depth, and spacing of the splitter grooves are 350, 150, and 250 nm, respectively. Finally, the SPPs are decoupled by the two large strip slits on the rear side of the sample to avoid any contamination of the detected photons by straight light resulting from the backscattering at the front side of the sample. Calculation evidences that the decoupling efficiency is 50% for 10-μm-wide slits and that the decoupled photons propagate in the glass at an oblique angle of 42° ([Fig. 1C](#F1){ref-type="fig"}) with a parallel momentum approximately equal to the parallel momentum of the surface plasmons. The single chip has a total footprint of 40 × 40 μm^2^. The dimension is compatible with experimental requirements for interfacing free-space photons and SPPs. In addition, the 10-μm separation distance between all the plasmonic components guarantees that the amplitudes of quasi-cylindrical waves that are either directly scattered by the SPP launcher at the splitter level or generated by the splitter at the strip-slit level ([@R30]) are at least 10 times smaller than the SPP amplitudes. Thus, the plasmonic chip, despite its compactness, provides a true test of the bosonic character of SPPs. We collected the output signal from the substrate of the sample with an appended solid immersion lens, and we coupled it to avalanche photodiodes (APDs) connected to multimode fibers. We measured the transmission and reflection factors of the as-fabricated plasmonic BS depending on the input port. For coupler 1, we obtained *T*~1~ = 29 ± 1% and *R*~1~ = 18 ± 1%. For coupler 2, we measured *T*~2~ = 32 ± 1% and *R*~2~ = 15 ± 1%. The losses were equivalent for both ports and were measured to be approximately 53%. We note that the BS factors are unbalanced as a result of the variations of the actual BS dimensions with respect to the simulated BS dimensions. The losses, when propagating along the plasmonic sample, are evaluated to be 2.5%, and, eventually, only 0.1% of the photons emitted by the source do reach detectors A and B (see section S2).

![The plasmonic platform.\
(**A**) Scanning electron microscope top view of the photon-to-SPP launcher. It is made of 11 grooves of asymmetric dimensions ([@R29]). (**B**) Scanning electron microscope top view of the plasmonic chip. Striped rectangles 1 and 2 are the SPP launchers as shown in (A). The groove doublet forms a plasmonic BS. The characterized splitter gives *T*~1~ = 29 ± 1% and *R*~1~ = 18 ± 1% when shining from coupler 1 and *T*~2~ = 32 ± 1% and *R*~2~ = 15 ± 1% when shining from coupler 2. For both input ports, the losses of the BS are measured to be approximately 53%. The SPPs propagate from launcher 1 or 2 to the BS and finally reach the large slits (black rectangles) where they are converted into photons in the silica substrate. (**C**) Line shape of the sample. It exhibits how an SPP can be generated with a Gaussian beam focused orthogonally to the photon-to-SPP converter. The SPP reaches the grooves of the plasmonic BS and finally propagates to the slit. The slit allows the SPP to couple out as photon in the substrate at 42° with an efficiency of about 50%.](1501574-F1){#F1}

Particle behavior of the single surface plasmon
-----------------------------------------------

We used the plasmonic device to launch and characterize the single SPP with antibunching ([Fig. 2A](#F2){ref-type="fig"}). The box at the top left symbolizes the heralded single-photon source with its two outputs. We denote *R*~C~ as the rate of the heralding pulse. A heralded single horizontally polarized photon is sent to a half-wave plate (HWP0), which rotates the linear polarization of the photon falling onto a polarizing beam splitter (PBS) cube. This allows us to choose between the plasmonic HBT and MZ configurations later on. Each output mode of the PBS is focused on a photon-to-SPP coupler on the plasmonic chip. The SPP modes are recombined with the plasmonic splitter, and each output is converted back to photons using the slits. The output signals are collected on APDs A and B. When the neutral axis of HWP0 is aligned with those of the PBS, the photon is transmitted and focused on a single coupler of the plasmonic sample. This configuration is analogous to the HBT experiment with heralded single SPPs. The intensity autocorrelation function at zero delay time *g*^(2)^(0) for SPPs is obtained by measuring the heralded outcoupled photon rates from the chip on APDs A (*R*~A\|C~) and B (*R*~B\|C~) while varying the pump power on the crystal. Because the losses between the crystal and the detection events on APDs A and B are huge, we measured *g*^(2)^(0) by integrating the counts over a 20-min period. Near the origin, *g*^(2)^(0) can be approximated in a linear regime (see section S3) as$$g^{(2)}\left( 0 \right) \approx 2\mu\Delta T$$where Δ*T* = 10 ns is the resolution gate time for the coincidence measurement and μ is the intrinsic emission rate of the source of photons without taking into account the heralding efficiency leading to *R*~C~. The heralded antibunching measurement is shown in [Fig. 2B](#F2){ref-type="fig"}. We note that *g*^(2)^(0) is clearly below the classical limit. *g*^(2)^(0) down to 0.03 ± 0.06 is a clear indication that the source emits SPPs one by one ([@R25]), and each of them is either transmitted or reflected by the BS but never both at the same time. This antibunching illustrates the particle-like behavior of the single SPP.

![Experiments on SSPs showing the unicity of the SPP state and its wave behavior.\
(**A**) Sketch of the SPP experiments. The orientation of the first half-wave plate (HWP0) determines the polarization state impinging on the PBS cube and allows choosing between the HBT and MZ configurations of the SPP setup. HWP1 and HWP2 are half-wave plates that control the polarization of the incident beams on the photon-to-SPP couplers. For both experiments, we recorded the heralding rate *R*~C~ and the heralded rates *R*~A\|C~, *R*~B\|C~, and *R*~AB\|C~. (**B**) Intensity correlation function at zero delay *g*^(2)^(0) as a function of the mean photon number produced in the gating window Δ*T* = 10 ns. The lowest measured value of *g*^(2)^(0) obtained is 0.03 ± 0.06, which is well below the classical limit and is a signature of a single SPP state. The data points were obtained with 20 min of integration. (**C**) The single SPP source was used at *g*^(2)^(0) = 0.25 to perform interferences in an MZ interferometer for SPPs. We plotted the heralded photon output rates *R*~A\|C~ (red circles) and *R*~B\|C~ (blue squares) of the MZ interferometer for a varying delay in one arm of the interferometer. The solid lines are the sine fit functions of our experimental data.](1501574-F2){#F2}

Wave behavior of the single surface plasmon
-------------------------------------------

Next, we made a single SPP interference experiment. We set the pump power to reach *g*^(2)^(0) = 0.25. This value establishes a good compromise between the signal-to-noise ratio, which is deteriorated by the instability of the interferometer for long acquisition times and the quality of the source to ensure about 90% chance to obtain single SPP events. In the setup described in [Fig. 2A](#F2){ref-type="fig"}, we now sent 45°-polarized photons on the PBS. The output state of the PBS is thus a balanced superposition of the output photonic modes, each of which illuminates one of the plasmon-photon coupler. After conversion to SPPs, the superposition of the two plasmonic modes recombines onto the plasmonic splitter. The two outputs of the plasmonic BS are then converted back to photons that are collected on APDs A and B. The setup is now equivalent to an MZ interferometer where a delay δ is adjusted mechanically by elongating one arm with respect to the other. We selected the heralded output signals of the MZ interferometer (*R*~A\|C~ and *R*~B\|C~) and plotted them as a function of the delay δ ([Fig. 2C](#F2){ref-type="fig"}). We observed interference fringes located in an exponentially decaying envelope as the delay increases in one arm of the MZ interferometer, which is the signature of a wave behavior from the SPP. From this envelope, we find that the spectral width is not modified, showing that there is no dephasing process associated with the SPP conversion and propagation. At the central position of the envelope, we obtain a maximal visibility \[*V* = (*R*~max~ − *R*~min~)/(*R*~max~ + *R*~min~)\] of 62 ± 3% for output A and 79 ± 2% for output B. The difference between the visibilities can be explained by the imperfections of the setup (see section S2). There is also a phase difference of 120° between the two outputs of the MZ interferometer. With a lossless symmetric BS, we would have expected the outputs to be in opposition of phase as energy conservation applies. However, because of the losses in the BS, the phase shift can be different from π. Performing a rigorous numerical simulation of the experiment, we found agreement between the experiment and the simulations for the relative positions of the fringes on the two outputs A and B (section S4). Although losses are detrimental for some quantum effects such as the visibility of the Hong-Ou-Mandel experiment ([@R20], [@R27]), they can be used as a resource for manipulating plasmonic interferences, even in the deep quantum regime involving one- or two-plasmon states ([@R31]).

DISCUSSION
==========

Here, we have developed a platform to manipulate SPPs in a controlled way using directional plasmonic couplers, large-slit decouplers, and a two-groove BS. On the one hand, we have measured the intensity correlation function of heralded SPPs and observed single SPP antibunching in the low-intensity pump regime of the source. This is evidence of a particle-like behavior. On the other hand, we observed fringes by making those single SPPs interfere in an MZ interferometer, therefore showing their wavelike nature. We found that the interferences produced by the plasmonic chip differ from the photonic case. The observed phase difference has been attributed to the subtle role of losses in the interferometer. Despite the losses, the quantum properties of the SPP statistics have been preserved. We thus demonstrated the wave-particle duality of nonguided, freely propagating SPPs.

MATERIALS AND METHODS
=====================

Sample fabrication
------------------

We used 300-nm-thick gold films deposited on clean glass substrates by e-beam evaporation (ME300 Plassys system) at a pressure of 2 × 10^−6^ mbar and at a rate of 0.5 nm/s. Their root mean square roughness is 1 nm. They were then loaded in a crossbeam Zeiss Auriga system and milled by a focused ion beam at low current (20 pA), except for the large slits used to decouple plasmons for propagating light that were milled at 600 pA.

Experimental method
-------------------

The single-photon source was based on parametric down-conversion in a potassium titanyl phosphate crystal (KTP crystal from Raicol). It generated pairs of 806-nm degenerate photons. The combination of the pair source with the heralded detection of one photon of the pair formed the single-photon source. A tunable laser diode (Toptica) with an extended cavity was focused by a 300-mm focal-length plano-convex lens on a periodically poled KTP crystal at 38 mW with a 60-μm waist. We used the laser diode at 403 nm to emit degenerate pairs at 806 nm, and the laser diode's temperature was maintained at 32.5°C. The waist in the crystal was conjugated to infinity with a 100-mm focal-length plano-convex lens, and the red photons emerging from the crystal were separated in polarization by a PBS cube (Fichou Optics). We eliminated the remaining pumping signal with an interferometer filter from AHF (FF01-810/10). The photons were coupled to polarization-maintaining monomode fibers (P1-780PM-FC) via collimators (F220FC-780, Thorlabs). Each photon was outcoupled via Long Working Distance M Plan Semi-Apochromat microscope objectives (LMPLFLN-20× BD, Olympus) and sent to two different outputs of a PBS (Fichou Optics) with orthogonal polarizations. They left the cube by the same output port and were focused with a 10× microscope objective (Olympus) on the plasmonic sample. The plasmonic sample was mounted on a solid immersion lens. The surface plasmons propagating on the chip left the sample by two different output slits. The conversion of the SPP back to photons via the slits led to two different directions of light in free space. The photons from the output ports could be collected from the rear side of the sample using mirrors and a 75-mm focal-length lens for each output. The output modes were then conjugated to multimode fibers via a 10× microscope objective (Olympus), which were connected to single-photon counting modules (SPCMs).

Detection method
----------------

All the photons in these experiments were sent to SPCMs, which deliver transistor-transistor logic pulses. APDs A and B are PerkinElmer modules (SPCM AQRH-14), and APD C is a Laser Component SPCM (Count-100C-FC). To count the correlations between the heralding signal and the APD A and B pulses, we used a PXI Express system from National Instruments (NI). The NI system is composed of a PXIe-1073 chassis on which NI FlexRIO materials are plugged: a field-programmable gate array (FPGA) chip (NI PXIe-7961R) and an adapter module at 100 MHz (NI 6581). The FPGA technology allows changing the setting of the acquisition by simply programming the FPGA chip to whatever set of experiments we want to conduct. A rising edge from APD C triggers the detection of another rising edge on channel A or B or both at specific delays. Counting rates and correlations of heralded coincidences between channels A and B are registered. The resolution of the detection system is mainly ruled by the acquisition board frequency clock at 100 MHz, which corresponds to a time resolution of 10 ns.
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